Abstract. Absolute values of VUV-emission of a 2.45 GHz microwave-driven hydrogen discharge are reported. The measurements were performed with a robust and straightforward method based on a photodiode and optical filters. It was found that the volumetric photon emission rate in the VUV-range (80-250 nm) is 10 16 -10 17 1/cm 3 s, which corresponds to approximately 8% dissipation of injected microwave power by VUV photon emission. The volumetric emission of characteristic emission bands was utilized to diagnostics of molecular plasma processes including volumetric rates of ionization, dissociation and excitation to high vibrational levels and metastable states. The estimated reaction rates imply that each injected molecule experiences several inelastic electron impact collisions. The upper limit for the total density of metastable neutrals (2S atoms and c 3 Π u molecules) was estimated to be approximately 0.5% of the neutral gas density.
Introduction
Vacuum ultraviolet (VUV) emission of plasmas is rarely applied, but increasingly important tool in applications and diagnostics of plasma sources. VUV-radiation can, for example, significantly affect material processing ( [1, 2, 3] and references therein), and it can be utilized in photolithography for decreasing the length scale of semiconductor components [4, 5] . Furthermore, VUV-emission could play an important role in plasma dynamics via photoelectron emission [6] or cleaning of plasma chamber walls [7] . It could possibly be utilized in development of negative hydrogen ion sources for neutral beam injection into magnetically confined fusion devices and particle accelerators by providing alternatives for the usage of caesium seeding [8] . VUV-emission is applied for diagnosing plasma disruptions in thermonuclear fusion devices [9] . In the case of molecular hydrogen plasmas it provides straightforward and robust diagnostics for plasma processes, such as density of hot electrons and volumetric rates of ionization, molecule dissociation and excitation to high vibrational levels [10, 11] .
This paper describes a study on the VUV-emission of a hydrogen plasma sustained in a microwave discharge ion source. The absolute values of photon irradiance were measured with an SXUV photodiode, which has a uniform response at VUVwavelengths. The VUV-irradiance in the entire UV-range (100-250 nm) and in emission bands characteristic to hydrogen (110-130 nm, 150-180 nm and 180-220 nm) have been measured by filtering the emission spectrum with UV-FS/BK7 windows or VUV optical bandpass filters. The volumetric photon emission from the line of sight plasma volume was determined for the characteristic emission bands and the information was utilized for diagnostics of plasma process rates as presented in Ref. [10] . The effects of the ion source operating parameters (pressure, microwave power and magnetic field) on the VUV-emission were compared to those on the extracted ion beam current.
A similar study has been performed earlier with hydrogen plasma sustained by a filament driven multicusp arc discharge [11, 10] . There it was found that at least 15-30% of the discharge power is dissipated via VUV-emission, the VUV-emission is linearly proportional to the discharge power and the VUV-radiation is dominantly emitted by hydrogen molecules. The results measured with the microwave discharge can be compared to the results obtained with the arc discharge. The measurement method is reported thoroughly in this paper since the description of the earlier experiment [11] was published as a brief and incomplete article in conference proceedings.
Plasma VUV-irradiance measurement
Vacuum ultraviolet spectroscopy of plasma sources is technically challenging. Problems arise for example from vacuum requirements for the transmission of VUV-light and sensitivity of optical elements to free radicals of residual gases induced by VUVexposure. Spectrometers, consisting of a vacuum monochromator and a VUV-sensitive photomultiplier or photodiode, are commonly used for VUV spectroscopy. Such devices provide accurate measurements of relative intensity but their calibration for absolute irradiance is very challenging [12] . In fact, the calibration procedure is sensitive to the geometry and the wavelength of the light source [12] . This complicates calibration with reference VUV light sources, because their effective emission volumes (≈ 1 mm 3 ) differ significantly from typical line of sight volume of plasma sources (>1 cm 3 ). Furthermore, the stability of reference light sources, e.g. deuterium lamps, is poor especially close to the cut off wavelength of the magnesium fluoride window (120-160 nm).
Another method for absolute calibration is to use the branching ratio technique [13] . The method utilizes a branching pair of spectral lines emitted in transitions from a common excited state in the plasma. Calibration point in the VUV-range can be obtained, if the branching ratio of the lines is known, one of the transitions emits a photon in the VUV-range and the absolute emission intensity of the other transition can be measured e.g. in the visible light range. Utilizing this technique is challenging, for example, due to the lack of suitable branching pairs, overlapping of emission lines and geometrical effects [14] .
Irradiance meter
In this study the plasma VUV-irradiance is measured utilizing a photodiode and set of optical filters. When the spectral response of the diode, transmittances of the filters and the effective area of the photodiode are known, the irradiance can be calculated from the measured current signal. The total VUV-emission at 80-200/350 nm wavelengths was measured by using UV-FS/BK7 window as an optical filter [9, 15] . The (a) VUV-spectrum of the studied microwave discharge (b) Measured transmittances of the optical filters and the UV fused silica (UVFS) window. The spectrum is not calibrated for spectral response.
VUV-emission in the characteristic wavelength ranges of hydrogen was determined by using optical band pass filters. This method is robust, because the geometrical effect can be understood straightforwardly and, in principle, the response of the diode and transmittances of the filters can be determined separately. The drawback of the method is that there are more sources of uncertainty and accurate determination of the effective transmittances requires knowledge about the plasma emission spectrum due to nonuniform transmission of the filters.
The design of the VUV-irradiance meter is presented in Fig. 1 . The device consists of a vacuum chamber, two rotatable wheels for optical filters, a VUV-sensitive photodiode and high voltage plates for deflecting charged particles (possibly) incident from the plasma. The wheels are rotated externally via vacuum feedthrougs. The meter can be connected to different types of vacuum systems and spectrometers through DN25KF flanges. The photoelectric current was measured from a photodiode (IRD SXUV5) by using SRS SR570 current preamplifier. The effective area of the photodiode was restricted by a 2 mm collimator aperture, because a constant response is guaranteed only at the center of the diode.
Three different bandpass filters corresponding to the most intense emissions of the hydrogen plasma were used in the second filter wheel. These filters (122 nm / 20 nm FWHM, 161 nm / 20 nm FWHM and 180 nm / 40 nm FWHM) were used to study the emission by the lowest electronic transitions of hydrogen atom and molecule, namely Lyman-alpha (2P→1S) of the hydrogen atom, Lyman-band singlet transition ( discharge is presented in Fig. 2 together with the measured transmittances of the filters. The first filter wheel included a 3 mm thick uncoated UV fused silica and BK7 windows, which were used for determining the total VUV-emission. The response of the photodiode is almost constant in the range of 80-350 nm (Fig. 3) . On the other hand, the silica and BK7 windows are transparent in the range of 170-2000 nm and 350-2000 nm respectively. Hence, the total VUV-irradiance in the range of 80-170 nm/80-350 nm is linearly proportional to the difference of signals measured without and with the silica/BK7 windows.
The first wheel included also an aluminium plate, which was used for the measurement of background signals caused by the filters being somewhat transparent to visible light and by scattering inside the meter. Neither the visible light nor the scattering caused any measurable background signal in the case of the microwave discharge. However, thermionic electrons emitters, e.g. hot filaments can cause significant background as mentioned in Ref. [11] . Exposure to VUV-light induces fluorescence in common optical window materials. However, the possible fluorescence does not affect the results of the measurements, because the photodiode covers only a minimal space angle of the total fluorescent emission.
All of the optical elements are sensitive to long term irradiation by VUV-light. This is especially true for the transmittance of windows and substrates of the optical filters close to their cut-off wavelengths. Therefore, it was necessary to determine the transmittances of the filters both before and after the irradiance measurements. This was done by connecting a VUV-spectrometer (McPherson Model 234/302 and ET Enterprises 9406B photomultiplier tube) to the outlet of the irradiance meter and using the plasma source described in the following section as a light source.
The average transmittances of the band pass filters were determined by comparing an integrated spectrum with and without the filter in the determined wavelength range. The wavelength ranges were determined to correspond to natural ranges of the emission bands, i.e. 115-145 nm (122 nm filter), 145-170 nm (160 nm filter) and 170-240 nm (180 nm filter). Due to the overlap of filter bands their transmittances in adjacent ranges were also determined in order to make corresponding corrections to the measured signals.
Analysis of different emission bands covered by the filters is necessary for plasma diagnostics purposes [10] . Based on the spectral analysis it can be argued that the 115-145 nm range consists of Lyman-alpha emission together with Werner-and Lymanbands, the 145-165 nm range consists dominantly (>80%) of the Lyman-band emission and the 170-240 nm range purely of the molecular continuum emission. Due to vibronic excitation of the hydrogen molecule, the measured ranges do not completely cover the emission bands. The origin of the light emission in different wavelength ranges can be studied theoretically by producing synthetic spectra. The first order approximation is that the change of vibrational levels in electronic excitations follows Franck-Condon factors [16] . Such calculations depend only on the vibrational temperature of the neutral gas which is typically 100-10000 K in low temperature plasmas. Using this range of vibrational temperature it was calculated in Ref. [10] that the wavelength range of 145-170 nm covers 38-43% of the total Lyman-band emission and the range of 170-240 nm 59-62% of the molecular continuum emission. It was also calculated in Ref. [10] that 7-14% of the measured emission in the range of 170-240 nm is caused by cascade from the upper states. Furthermore, it can be calculated that range of 115-145 nm covers 30-34% of Lyman-band emission and 49-53% of Werner-band emission.
Comparison of the measurements performed with UV-FS/BK7 windows and band pass filters is non-trivial. This is because the band pass filters do not cover the entire VUV-spectrum (as discussed above) and there is a significant overlapping of different emissions in 122 nm filter range. Electron impact excitation cross sections imply that the majority of VUV-emission of molecules is caused by Lyman-band (
) and molecular continuum (a states. In other words the Lyman-and Werner-band emission which is not covered by the measurements in the range of 115-170 nm (covered by 122 nm and 160 nm filters) can be estimated to be 0.3-1.0 times the measured signal in the range of 145-170 nm.
Signal analysis
Irradiance ‡ E at the photodiode can be calculated from the measured current i with
where A d is the active area of the photodiode, R [A/W] is the diode response and τ f is the transmittance of the optical filter. The plasma emission spatial profile is typically homogeneous and uniform in the line of the sight volume, which allows reasonably accurate determination of the average volumetric emission rate from this volume. However, it is emphasized that the line of sight volume of plasma sources can not be treated as a point source. This is because achieving detectable level of light emission requires the meter to be placed near the light source and dimensions of the line of sight volume are finite. Consequently, the geometric transmission probability of the photons to the detector varies within the line of sight volume. The most accurate method for determining the probability is to use a MonteCarlo simulation. An analytical expression can be used in case of simple geometry, where diameters of the photodiode and light emission apertures are small in comparison to the distance between the photodiode and the plasma source. An expression for the volumetric radiant emission power of isotropic and homogeneous plasma in the line of sight volume is derived in Appendix A and can be written as
where D is the distance between the photodiode and the light emission aperture (referred as extraction aperture in the case of ion sources), A d is the area of the photodiode, A e is area of the extraction aperture, L is the length of the plasma volume, i is the measured photo diode current, R is the diode response and τ f is the transmittance of the optical filter. For the studied geometry the relative difference of the results given by Eq. 2 and Monte-Carlo simulation is <1%. The main uncertainty of Eq. 2 is caused by the plasma volume, for which the detector is only partially visible. The total volumetric radiant emission power Φ tot can be estimated by scaling the measured average volumetric emission power of the line of sight volume with the plasma chamber volume. The simplest approximation is to assume homogeneous and isotropic emission profile in the entire plasma chamber, which results to
where A c is the cross-sectional area of the plasma chamber. In most cases this expression gives the maximum value of the total emission power, because the plasma density decreases towards the plasma chamber walls. It can be estimated that the corresponding error between the given maximum and emission power corresponding to more realistic plasma distribution is most often less than 50% [11] .
Error analysis
The total error of irradiance consists mainly of the uncertainties caused by the photoelectric current measurement, diode response, filter transmittance and background signals. In addition, uncertainties of plasma homogeneity must be included in the case of volumetric and total emission of the plasma.
In the case presented in this paper the uncertainties of the photodiode response and transmission of the bandpass filters dominate the total uncertainty. The manufacturer (IRD) guarantees that the photodiode response is within the limit of ±10% standard deviation from the nominal response curve (Fig. 3) . It is also assumed that the uncertainty of the nominal curve is negligible in comparison to the uncertainty caused by statistical variation between individual diodes. The response is almost constant in the wavelength range of 80-250 nm, i.e. the variation of the response is negligible within the specific wavelength range limited by the optical filters in comparison to the total uncertainty of the response. The photocurrent measurement includes an uncertainty of less than ±1%.
Non-uniform transmittance of the optical filters sets challenges for the determination of their effective (average) transmittance. Accurate determination (better than a factor of two uncertainty) of the effective transmittance of the band pass filter can be performed by integrating the spectrally weighted transmittance over the active range. This requires the relative emission spectrum of the plasma to be known in the active range. It must be noted that the spectrum should not vary significantly during the irradiance measurements. Furthermore, the determination of stray transmittance outside the effective range of the filter increases the uncertainty. In the measurements presented here, the partial uncertainty caused by transmittances was estimated to be 8%. The value was determined utilizing a measured spectrum and synthetic molecular emission spectra with varying vibrational temperature (100-10000 K) and electron temperature (3-25 eV).
The most significant partial uncertainties, namely the photocurrent, the response of the photodiode and transmittances of the filters are independent in the presented case. Therefore, the total uncertainty can be estimated with general expression of error propagation [18] to be ±13%.
The accuracy of the irradiance values could be enhanced significantly by using better calibrations of the diode response and filter transmittances. However, the error analysis becomes very challenging when all uncertainties are taken into account and some of them are not independent anymore. Therefore, it can be argued that the maximum (reasonably) achievable accuracy of the presented method is ±5-10%.
The total irradiance determined by comparing the difference of the photodiode signals measured without a filter and with a silica or BK7 window includes a larger uncertainty than the spectral irradiance measurements. This is because, the photodiode response varies in the VUV-range, the transmittance of the silica window varies in the 280-1200 nm range and the photodiode response is an order of magnitude higher in the range of 280-1200 nm than in the range of 80-280 nm. The spectral response of the photodiode varies only ±10% from the average value in the wavelength range of 80-280 nm, which allows using a constant value of response in this wavelength range.
In the case of hydrogen plasma, all of the emission lines and bands are emitted in this wavelength range. However, plasmas of some elements (e.g. O, He and Ne) or ions could emit strong lines below 80 nm and, therefore, the integrated diode response weighted by the spectrum must be calculated in those cases. In the case of the microwave-driven hydrogen discharge, up to 90% of the signal measured without a filter was caused by emission in visible and infrared range. Hence, both the estimated effective transmittance of the silica window and the stability of the light source in between the measurements without a filter and with a silica window are estimated to cause a partial uncertainty on the order of ± 10-15%. The total uncertainty of the total VUV-irradiance measurements is estimated to be ±20-25%.
The microwave ion source
The microwave ion source used in this study is presented schematically in Fig. 4 . The ion source consists of a microwave coupling system, a cylindrical aluminium plasma chamber which is surrounded by a single solenoid coil, and an extraction system for positive ions. Microwaves are coupled to the plasma chamber through a rectangular waveguide system, which consists of a 2.45 GHz magnetron, circulator, three stub tuners for impedance matching and a ridged waveguide section frequently used in similar ion sources [20] . The vacuum of the plasma chamber is sealed from the waveguide (under atmospheric pressure) by a quartz window embedded into the back plate of plasma chamber. The quartz window is covered by a boron nitride (BN) disc. The diameter and the length of the cylindrical aluminium plasma chamber are 9.5 cm and 10 cm respectively. The ion source is typically operated with 300-1200 W of microwave power in 0.05-10 Pa § pressure range. The forward and reflected powers were measured from the magnetron § Pressure readings in this study were measured with a Pirani gauge including up to a factor 2 uncertainty [21]. and a power load at the circulator. Microwave discharge plasmas are typically heated with electron cyclotron resonance (ECR) heating. However, it is possible to sustain the discharge without fullfilling the ECR condition in the plasma chamber [19] . The ECR heating requires the electron gyrofrequency to nearly correspond with the microwave frequency, i.e. eB me ≈ 2πf . Hence, ECR heating with 2.45 GHz microwaves requires a magnetic field of 87.5 mT. The efficiency of the ECR heating depends on both the electric and magnetic fields. Low magnetic field gradient at the resonance surface enhances the electron energy gain by allowing the electron to spend a longer time near the optimum resonance condition. The energy gain in a single period is proportional to the electric field component perpendicular to the magnetic field. The best performance of a microwave ion source is typically achieved, when the ECR surface is directly in front of the microwave window. Figure 5 represents the magnetic field of the studied ion source in terms of relative field strength as well as resonance surfaces corresponding to optimum performance (208 A coil current) and the resonance surface spanning across the whole plasma chamber (180 A).
Two different extraction apertures were used in the measurements. The ion beam, consisting mainly of H + , H + 2 and H + 3 ions (with a small but inevitable contribution from impurities), was extracted from a 1.5 mm diameter extraction aperture to the Faraday cup located approximately at 10 cm distance from the aperture (Fig. 4) . The extraction system consists of a grounded puller electrode, an einzel lens and the Faraday cup. The potentials of the plasma source and the einzel lens were +10 kV and +7.5 kV respectively. A secondary electron suppression plate biased to −150 V was used in front of the Faraday cup.
A larger, 6 mm diameter, extraction aperture and transverse magnetic filter was used in VUV irradiance measurements. The larger aperture allowed recording a stronger Figure 6 . The VUV-emission of the hydrogen plasma within specific wavelength ranges as a function of the coil current (magnetic field strength) and neutral gas pressure at microwave power of 840 W.
VUV-signal at the irradiance meter and monochromator located 58.5 cm from the aperture. The magnetic filter was necessary to suppress an observed plasma jet pluming out of the chamber. Without the filter the plasma jet damaged optical elements and the VUV-emission of the jet caused a significant background signal affecting the measurements. The magnetic filter caused only a weak stray field in the plasma chamber.
The plasma source and the irradiance meter were separated with a gate valve and they were pumped separately with turbomolecular pumps. This allowed connecting the irradiance meter to the VUV-spectrometer without venting the plasma source. The gate valve was also used as a shutter in between the VUV-measurements.
Results
The VUV-emission was measured as a function of injected microwave power, neutral gas pressure and magnetic field strength. The most challenging aspect of the multidimensional parameter scan was the fact that the source performance depends on the optimization procedure. The performance is sensitive to impedance matching with the stub tuners, which partially explains the variation of the reflected microwave power as a function of the given source parameters. An unknown fraction of the microwave power was absorbed by the waveguide system. The significance of the absorption depends on the impedance matching, assembly of the waveguide system and plasma parameters. Thus, the most reliable method to perform systematic studies was to minimize the reflected power by adjusting the stub tuner positions under specific source parameters and use the corresponding tuner settings in all following measurements. The source parameters for the optimization were 600 W microwave power and 0.6 Pa neutral gas pressure at optimum magnetic field (208 A coil current). Such optimization provided good source performance for varying coil current at < 700 W microwave power. The measurements were performed after manual cleaning of the plasma chamber followed by several hours (hydrogen) plasma cleaning to minimize the level of residual gases.
To ensure the stability of the optical filters, the absolute irradiance was measured only for a limited number of source parameter combinations around the maximum of VUV-emission. A systematic study of the VUV-emission was performed with the VUVspectrometer, which is more stable over time. Due to the 20 nm bandwidth of the optical filter, the Lyman-alpha signal measured with the irradiance meter was affected also by the Werner-band and Lyman-band emissions, which was not included in the signal measured with the spectrometer. In addition, the beam current was measured within the same range of source parameters through a different extraction aperture as explained in Section 3.
The VUV-emission measured as a function of the neutral gas pressure and magnetic field strength (coil current) is presented in Fig. 6 and as a function of microwave power and magnetic field strength in Fig 7. Figure 7 includes data obtained with both, the irradiance meter and spectrometer at identical source parameters. The molecular VUV-emission is almost independent of the microwave power, while the atomic emission (Lyman-alpha) is proportional to the discharge power. The dependence of the VUVsignals on the microwave power is not sensitive to the magnetic field strength. The maximum emission is observed consistently at the same coil current corresponding to the magnetic field configuration displayed in Fig. 4 . The absolute irradiance of Lymanalpha is approximately five times stronger than the Lyman-band irradiance. On the other hand, the irradiance of the Lyman-band is twice as strong as the irradiance of the molecular continuum emission. Varying the neutral gas pressure affects each emission band differently. There is an optimum pressure range (0.6-0.8 Pa) for Lyman-alpha emission. This pressure window is independent of the the magnetic field strength. The Lyman-band emission is almost independent of pressure below 1.2 Pa while the molecular continuum emission is proportional to the pressure only at the optimum magnetic field.
Figures 8, 9 and 10 present the extracted ion beam current as a function of various source parameters. Similar to the Lyman-alpha emission, the extracted ion beam current is proportional to the microwave power. In both cases 30% more signal is achieved at the optimum magnetic field in comparison to lower magnetic field strengths. The most significant difference in the behaviour of the Lyman-alpha signal and extracted beam current is observed as a function of the neutral gas pressure. The optimum pressure for Lyman-alpha emission is 1.2-1.6 Pa, while the ion beam current is inversely proportional to the pressure within the measured range. The saturation of the ion beam current and Lyman-alpha emission at high microwave power is caused by the impedance tuning. This is confirmed by the ion beam current data measured with optimizing the impedance matching at discharge power of 1000 W (Fig. 10) resulting to higher beam current e.g. at maximum power.
The average volumetric emission power in the line of sight plasma volume and the total emission power in the given wavelength ranges were calculated from the absolute irradiance measurements by using Eqs. 2 and 3. The results are shown in Fig. 7 300 400 500 600 700 800 900 1000 1100 1200 0 Figure 9 . The extracted ion beam currents as a function of the neutral gas pressure and coil current (magnetic field strength) at microwave power of 840 W.
as described above. The total VUV-emission can be estimated in two different ways: directly from the difference of the signals recorded without a filter and through the BK7 or UV fused silica window, (Table 1a and 1b) and from the sum of the measured emission bands (Table 1c) combined with the estimated emission outside the transmission bands of the optical filters. Correction factors for such undetected molecular emission are discussed in Section 2. Thus, it can be argued that the value of total VUV-emission measured with silica and BK7 windows should be (theoretically) at least 2-7 W greater than the sum of the measured emission bands. These estimates assume that other Figure 10 . The extracted ion beam current as a function of the microwave power and coil current (magnetic field strength). The reflected power was minimized at 1000 W microwave power and 210 A coil current. The neutral gas pressure in the plasma chamber was 0.5 Pa. Table 1 . Total VUV-emission powers estimated from the difference of the signals without a filter and through BK7 (a) or UV fused silica (b) windows and (c) from sum of the emissions presented in Fig. 7 . Due to technical reasons the data in (a) and (b) were measured at different times than the data in part (c). The values include less than 50% systematic uncertainty caused by the assumption of homogeneous plasma (see [11] for further discussion). Figure 11 . The back plate of the plasma chamber after sustaining the hydrogen discharge for several tens of hours. The area subjected to plasma bombardment (solid line) and the cross sectional area of the plasma chamber (dashed line) are highlighted in the figure.
Lyman-series transitions except the Lyman alpha are not taken into account. However, the results obtained through different methods (Table 1) are barely inside uncertainty limits discussed in Section 2.2 probably due to some unknown systematic variable or limited reproducibility (especially outside the optimum magnetic field). The total emission power values given in Fig. 7 and Table 1 are maximum values based on the assumption that the plasma is homogeneous and uniformly distributed in the plasma chamber. It can be argued that the clean area on the back plate of the plasma chamber shown in Fig. 11 represents the cross sectional area of high density plasma distribution. This area covers approximately 70% of the total cross sectional area of the plasma chamber. Therefore, it can be estimated that real total emission power values differ less than 50% from the values given in Fig. 7 and Table 1 .
Total emission of different transitions can be calculated from measured emissions in different ranges by using correction coefficients as explained in section 2.1. This is done in table 2 where volumetric and total emissions of different transitions are presented. The calculation implies that the total volumetric photon emission rate in the VUV-range is on the order of 10 16 -10 17 1/cm 3 s. The total photon emission rate integrated over the whole plasma chamber volume is on the order of 10 19 1/s. The average number of excitations / photon emissions for each injected molecule can be estimated by comparing the total photon emission rate of specific emission bands to the gas feed rate This yields that each injected hydrogen molecule emit 2-20 photons in each emission band.
The molecular photon emission can be used as a diagnostics for plasma processes by comparing the rate coefficients of different plasma processes to measured emission rates as explained in Ref. [10] . This is because (1) the ratio of specific rate coefficients does not depend on the electron or neutral densities, (2) the ratio is only weakly sensitive to the The measured gas feed rate of 1.2 sccm corresponds to 5.3 × 10 17 hydrogen molecules per second. 
electron temperature, (3) the measured Lyman-band and molecular continuum emissions are not overlapping with other transitions and (4) the origin of the molecular excitations can be understood straightforwardly. The Lyman-band emission is proportional to molecule ionization, production of high vibrational levels
and molecule dissociation via vibrational continuum. Furthermore, the molecular continuum emission is proportional to molecule dissociation via lowest triplet state (b 3 Σ + u ) and production of metastable states (c 3 Π u ). Ratios of the rate coefficients (from Ref. [10] ) and calculated volumetric rates for different molecular plasma processes are presented in table 3 by assuming that the electron temperature and molecule vibrational temperature are in the typical range of low temperature plasmas (3-15 eV and 100-10000 K). The results imply that each molecule is both ionized and dissociated several times during its passage through the plasma chamber.
The maximum density of metastable molecules (c 3 Π u ) was estimated from the volumetric excitation rate in Ref. [10] by assuming that the plasma distribution is homogeneous across the plasma chamber, c 3 Π u states decay without emission in molecular continuum and the maximum lifetime of c 3 Π u states is determined by diffusion to the wall of the plasma chamber. Using similar assumptions, the production rate of 1.8×10 16 1/cm 3 s of the metastable molecules in the microwave discharge (Table 3 ) corresponds to 6.4×10 11 1/cm 3 maximum density of c 3 Π u states . This is approximately 0.4% of the neutral gas density. The value estimated in Ref. [10] is at least an order of magnitude higher than earlier experimental value from the similar type of plasma source. This probably holds also for value presented for the microwave discharge because of large uncertainties of the assumptions.
VUV-diagnostics of plasma processes based on atomic Lyman-alpha emission is more challenging than utilizing molecular emission bands. This is because the opacity of the plasma has a significant effect on the transmission of the emitted photons through Table 3 . Ratios of rate coefficients (plasma process vs. Lyman-band or molecular continuum emission) and volumetric reaction rates in the line of sight volume. The ratios of rate coefficients for molecular processes are from Ref. [10] and their variation to the ranges of unknown plasma parameters (T e =3-15 eV and T vib =100-10000 K). Volumetric emissions rates of transitions are from the plasma and because a significant fraction of atomic emission can originate from dissociative excitation of hydrogen molecules. Furthermore, the dominant electron impact processes with same order of magnitude cross sections are excitations to 2P state, resulting directly to Lyman-alpha emission, and excitations to metastable 2S state with a lifetime on the order of 100 ms. The dynamics of the 2S excited atoms is complex. The 2S state can decay via Lyman-alpha emission with collisional quenching by neutral particles [23] or via interaction with the wall of the plasma chamber. On the other hand, 2S excited atoms can be readily re-excited or ionized because the threshold energies of those processes are low and corresponding cross sections are large. A rough estimate for the production rate and density of 2S excited metastable atoms can be presented similar to the molecular metastable density presented in Ref. [10] . This requires assuming that (1) the lowest excited states (2P and 2S) are mainly populated directly via electron impact excitation from the ground state, (2) the electron impact excitation rate from ground state to 2S is 0.2-0.6 times the electron impact excitation rate to 2P state (calculated with cross section data from Ref. [24] and T e =3-15 eV), (3) molecular emission in the range of 115-145 nm is 1.65-1.94 times the measured (molecular) emission in the range 145-165 nm and (4) the plasma is homogeneous and uniformly distributed into the chamber, i.e. the measured average volumetric emission is not disturbed by the opacity. Assuming that none of the 2S states decay via Lymanalpha emission corresponds to the maximum excitation rate to 2S state, i.e. 0.6 times the measured Lyman-alpha photon emission rate. The maximum realistic lifetime of 2S states is 18 µs, which is the average diffusion time of thermal atoms to the wall of the plasma chamber ¶. This together with the estimated maximum of total 2S excitation rate gives the maximum density of 2S atoms of 2.7 · 10 11 1/cm 3 , which corresponds to ¶ Average thermal velocity of hydrogen atoms in 300K temperature is 2700 m/s. Hence the distance of 5 cm corresponds to the time of flight of 18 µs. approximately 0.2% of the neutral gas density.
Discussion
The performances and characteristics of plasma sources, especially microwave and radio frequency driven discharges, are extremely sensitive to their designs, which complicates generalizing the obtained results. Furthermore, the performance of the studied plasma source, especially as a function of the coil current outside the optimum magnetic field, was observed to be somewhat sensitive to different assemblies of the waveguide system and level of impurities in the plasma chamber. Therefore, the accuracy of the results is not only determined by the accuracy of the measurement technique but also by the level of reproducibility. Hence, the following discussion and conclusions are limited to the absolute values of VUV-emission at the order of magnitude level, which is the novelty of the presented research, and conclusions which can be tested and reproduced in other plasma sources, e.g. by repeating the described measurements or studying the effects of mechanical changes as discussed below.
The significance of different molecular plasma processes can be estimated by comparing the number of photons emitted the corresponding transitions [10] . The comparison of Lyman-band and molecular continuum photons yields information on the dissociation and ionization of hydrogen molecules. In the microwave discharge discussed here the ratio of Lyman-band emission to molecular continuum emission is 2, while in a filament drive arc discharge studied in Ref. [11] the given ratio is 4. This implies that in the microwave discharge the fraction of inelastic collisions leading to dissociation of hydrogen molecules in comparison to molecular ionization is higher. The observed difference between the plasma sources can be explained by different electron energy distribution functions (EEDF), and consequent reaction rates reflecting the different functional shapes of electron impact cross sections [10, 24] . The EEDF of the microwave discharge has a higher fraction of electrons in the energy range of 7-15 eV in comparison to energy range of E e > 15 eV. This also means that the EEDF of the microwave discharge is less efficient for ionization, i.e. electron impact excitations dominate the energy dissipation in comparison to ionization.
The behaviour of extracted beam and VUV-light emission as a function of the magnetic field strength gives information about the plasma-microwave interaction. The maxima of the extracted ion beam current and VUV-emission are achieved at the same magnetic field, which corresponds to the situation where the resonance surface is located in very close proximity to the microwave window. This implies that the extracted beam current (plasma density near the extraction aperture) is strongly coupled with the ionization rate (which is proportional to excitation rate [11] ) in the plasma. The magnetic field gradient is weak in the middle of the plasma chamber, which should increase the energy gain of the electrons in ECR heating. However, narrow peak of optimum magnetic field implies that efficient ECR plasma heating can occur only very close the microwave window. Such behaviour is typically observed in the microwave discharges, in which the highest plasma density is achieved close to the microwave window [25] . This is probably caused by significant weakening of the microwave electric field towards the center of the plasma chamber. Such weakening is due to high plasma density damping the electric field and/or the electric field pattern being modified by the ridged waveguide [20] .
Absolute values of molecular continuum emission have been measured earlier from microwave discharges by Fantz et al [26] . They observed volumetric emission rates on the order of 10 15 -10 16 1/cm 3 s, which is consistent with this study. The maximum total density of metastable particles (2S state of atom and c 3 Π u state of molecule) was estimated to be approximately 0.5% of the neutral gas density. This does not exclude the effect of metastable states to plasma dynamics, because the electron impact ionization cross sections from the metastable state are at least an order of magnitude larger than the ionization cross sections from the ground states. Furthermore, the significantly lower ionization potential allows a larger fraction of electrons to ionize neutrals excited to the metastable states. However, this statement does not allow clear conclusions about the role of metastable neutrals due to larger uncertainties of the estimations and sensitivity of the processes to the electron temperature.
Conclusion
A robust and straightforward method to measure VUV-irradiance and to estimate the volumetric emission power of a plasma is presented. The hydrogen plasma of a 2.45 GHz microwave discharge was used as an example although the method can be applied also for diagnostics of other types of discharges and gases. The only limitation for the spectral measurements is the availability of bandpass filters. Most of the optical bandpass filters consist of a of metal-dielectric-metal thin-films on top of the substrate material that must be transparent to VUV-light. Substrate materials with shortest cutoff wavelengths are magnesium fluoride (MgF 2 , 115 nm) and calcium fluoride (CaF 2 , 120 nm). However, the total irradiance at shorter wavelengths can be determined by comparing the difference of the photodiode signals measured without a filter and with a quartz window, for example.
Approximately 8% of the microwave power was observed to dissipate via VUV light emission in optimum (resonance) conditions and 5% in off resonance conditions at low injected microwave power (≤ 600 W). At high power the corresponding fractions were somewhat smaller. Such percentage values are less than half of those measured with a filament driven arc discharge [11] . The predominant factors explaining the difference are probably weaker plasma confinement of the microwave discharge and microwave power dissipation in the waveguide. The confinement of primary electrons in the multicusp magnetic field of the filament arc discharge is good [27, 28, 11] , which allows the primary electrons to dissipate their energy in multiple inelastic collisions [11] , which in turn enhances the VUV-emission of the plasma. The temperature of the ridged waveguide of the microwave discharge was observed to be 80-100
• C at 1 kW power, which indicates that a significant fraction of the microwave power could be absorbed by the waveguide. The volumetric reaction rates imply that each injected molecule experiences several reactions including ionization, dissociation and excitation to high vibrational levels via B 1 Σ + u and C 1 Π u states. This underlines the role of plasma chamber surfaces to plasma dynamics, because the equilibrium is dominantly determined by reverse processes on the surfaces (e.g. Ref. [29] and references therein). ) and combining Eqs. A.3, A.5 and A.6, the volumetric radiant emission power can be expressed as
Equation A.7 is accurate, when detector is far away from the emission volume (D L) and the aperture of the detector is small in comparison to the extraction aperture (Fig.  A1) .
